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Figure 1. Infection history alters acute bladder inflammation kinetics during recurrent UTI. (A) An illustration of C3H/HeN recurrent cystitis model. (B)
and (C) C3H/HeN Resolved and Sensitized mice, and Adult Naive mice as a control, were infected with 108 cfu UTI89 or PBS and sacrificed at denoted
time points. (B) Hematoxylin and eosin-stained bladder sections were assessed in a blinded fashion. Representative images are shown; scale bars = 50
mm. (C) Histopathology scores were determined as described in the Materials and methods and the degree of inflammation was assessed based on
levels of immune cell infiltration, edema, and urothelial integrity. N = 2 independent experiments were conducted. Data points represent values for
each individual mouse, bars indicate median values. Actual P values are indicated on the graphs if >0.05, or are represented by the following symbols:
*p<0.05, **p<0.01, ***p<0.001, Kruskal-Wallis test with Dunn’s correction for multiple comparisons.
DOI: https://doi.org/10.7554/eLife.46677.002
Yu et al. eLife 2019;8:e46677. DOI: https://doi.org/10.7554/eLife.46677 2 of 12
Research article Immunology and Inflammation Microbiology and Infectious Disease
Figure 2. Infection history alters the course of bladder pathophysiology during recurrent UTI. C3H/HeN Resolved and Sensitized mice, and Adult Naive
mice as a control, were infected with 108 cfu UTI89 or PBS and sacrificed at 6 or 24 hpi. (A) Bladder bacterial burdens (cfu/bladder) and (B) bladder
edema were assessed in N = 4 independent experiments. Bladder edema was assessed by measuring the wet tissue weight of bladders immediately
after sacrifice. (C) Levels of the cytokines CXCL1, IL-6, and CCL2 were assessed by ELISA of bladder homogenate supernatants from samples shown in
panel C, which were collected from N = 3 independent experiments and assayed simultaneously in duplicate. Data points represent values for each
individual mouse (the ELISA values are the average of two technical replicates), bars indicate median values, negative results are plotted at the limit of
detection (dotted line). Actual P values are indicated on the graphs if >0.05, or are represented by the following symbols: *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001, Kruskal-Wallis test with Dunn’s correction for multiple comparisons.
DOI: https://doi.org/10.7554/eLife.46677.004
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Figure 3. Isogenic mice with different infection histories showed distinct bladder transcriptomic profile kinetics. C3H/HeN Resolved and Sensitized
mice, and Adult Naive mice as a control, were infected with 108 cfu UTI89 or mock-infected with PBS. RNA was isolated from whole bladders obtained
from mice at 3.5, 6, or 24 hpi (eight mice per group for mock-infected and 3.5 hpi; three mice per group at 6 hpi; at 24 hpi, 4 Adult Naive, 5 Resolved, 6
Sensitized) in N = 4 independent infection experiments and grouped into N = 2 independent sequencing experiments. All mock-infected bladders
were harvested at 3.5 hpi for baseline controls. (A) The number of significantly differentially expressed genes at each time point compared to mock-
infected mice with the same infection history. (B) Volcano plot of statistically significantly differentially expressed genes (DEGs) of Adult Naive,
Resolved, and Sensitized mice (infected vs. mock-infected); the number of DEGs is denoted on each graph. (C) Principal component analysis (PCA) of
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Figure 3 continued
gene expression in mock-infected mice. See also Figure 3—figure supplement 1. (D) PCA of gene expression in all mouse groups at all time points,
with shapes indicating different time points post-infection. Each dot represents the transcriptomic profile of a mouse. The PC1 and PC2 axis labels in C)
and D) represent principal components 1 and 2, respectively, followed by the percentage of variance they account for.
DOI: https://doi.org/10.7554/eLife.46677.006
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Figure 3—figure supplement 1. Comparison of current RNA-seq analysis to prior similar work. A previous study performed RNA-seq of whole
bladders of Sensitized vs. Resolved mice during convalescence (after antibiotics but prior to challenge infection) (O’Brien et al., 2016). Here we
compared the number of significantly differentially expressed genes from that study (‘Previous work’) to the number of significantly differentially
expressed genes between Sensitized vs. Resolved mice after a mock infection (bladders harvested 3.5 hr after PBS inoculation) in the present study
(‘Current work’). The overlap between (A) significantly differentially expressed genes and (B) enriched pathways is shown.
DOI: https://doi.org/10.7554/eLife.46677.007
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Figure 4. TNFa receptor pathway activation dynamics correlate with host susceptibility to recurrent cystitis. Pathway enrichment analysis and specific
gene analysis was performed on the whole bladder RNA-seq data shown in Figure 3. (A) Heatmaps of expression of up-regulated genes in TNFa
signaling pathways from Adult Naive, Resolved, and Sensitized mice at indicated time points. The dendrogram at the top of each heat map was
produced by hierarchical clustering of gene expression. The same 3.5 hpi mock-infected controls are included as baseline controls for each heatmap.
Specific fold changes and down-regulated genes are listed in Supplementary file 2. (B) Gene expression fold change of Tnf (encodes TNFa) and Ptgs2
(encodes COX-2) in infected Adult Naive, Resolved, and Sensitized mice at indicated time points relative to mock-infected controls. Gene fold changes
were estimated based on normalized counts using a shrinkage estimation model by DESeq2. Actual P values are indicated on the graphs if >0.05, or
are represented by the following symbols: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, Wald test, multiple comparison errors were corrected by
Benjamini-Hochberg false-discovery rate correction. See also Supplementary files 1 and 2.
DOI: https://doi.org/10.7554/eLife.46677.009
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Figure 5. TNFa depletion increases intracellular bladder bacterial burdens in Resolved mice during acute rUTI. Adult Naive (blue symbols), Resolved
(gold symbols), and Sensitized (purple symbols) mice were treated with anti-TNFa (open circles) or isotype control (solid circles) antibody 18 hr prior to
infection with 107 cfu UTI89 and sacrificed at indicated time points. Bacterial burdens were assessed at 6 hpi in the (A) bladder (cfu/bladder), (B) kidneys
(cfu/kidney pair), and (C) urine (cfu/ml) in N = 5 independent experiments. (D) Intracellular bacterial communities (IBCs) were enumerated in N = 7
independent experiments. Bacterial burdens were enumerated at 24 hpi in Resolved mice for the (E) bladder (cfu/bladder) and (F) kidneys (cfu/kidney
pair) in N = 2 independent experiments. (G) Urine bacterial burdens (cfu/ml) were measured in Resolved mice at 7 days post-inoculation (dpi); data
from five independent experiments are depicted. Each data point represents the value for an individual mouse, bars indicate median values, negative
results are plotted at the limit of detection (dotted line). Actual P values are indicated on the graphs if >0.05, or are represented by the following
symbols: *p<0.05, **p<0.01, Mann-Whitney U test.
DOI: https://doi.org/10.7554/eLife.46677.011
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Figure 6. TNFa signaling restricts bladder intracellular colonization by UPEC in Resolved mice by promoting the exfoliation of infected bladder
epithelial cells. Resolved mice were treated with anti-TNFa or isotype control antibody 18 hr prior to infection with 107 cfu UTI89 and sacrificed at
indicated time points. (A) Bladder intracellular bacterial burdens (cfu/bladder) of Resolved mice as determined by the ex vivo gentamicin protection
assay in two independent experiments are shown at the indicated time points. (B) IBCs were enumerated in Resolved mice at 4.5 hpi with or without
TNFa depletion from N = 2 experiments. See also Figure 6—figure supplement 1. (C) Scanning electron microscopy was used to assess the bladder
luminal surface at 6 hpi in two independent experiments with n = 6 mice per group. Scale bars = 50 mm; white boxes outline areas visualized at a higher
magnification to the right. At 6 hpi, (D) bladder edema and (E) pyuria were measured in N = 3 independent experiments. (F) Flow cytometry was
performed on bladder single cell suspensions from Resolved mice in N = 2 independent experiments. Neutrophils were defined as CD11b+, Ly6G+, F4/
80- cells. Data points represent value for each individual mouse, bars indicate median values, negative results are plotted at the limit of detection
(dotted line). Actual P values are indicated on the graphs if >0.05, or are represented by the following symbols: *p<0.05, **p<0.01, Mann-Whitney U
test.
DOI: https://doi.org/10.7554/eLife.46677.013
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Figure 6—figure supplement 1. TNFa depletion did not affect IBC morphology in Resolved mice at 4.5 hpi. Resolved mice were pre-treated with anti-
TNFNo entity or isotype control antibody 18 hr prior to infection with 107 cfu GFP-expressing UTI89 (green) and sacrificed at 4.5 hpi. Wheat germ
agglutinin (WGA, red) was used to visualize the cell surface. Fluorescent microscopy was performed to detect bladder IBCs and representative images
are shown. Scale bar = 20 mm. N = 2 independent experiments were performed with n = 5–6 mice per group.
DOI: https://doi.org/10.7554/eLife.46677.014
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Figure 7. TNFa-depletion decreases the severity of acute rUTI in Sensitized mice. Sensitized mice were treated with anti-TNFa or isotype control
antibody 18 hr prior to infection with 108 cfu UTI89 infection and sacrificed 24 hpi. Bacterial burdens were enumerated in the (A) bladder (cfu/bladder),
(B) kidneys (cfu/kidney pair), and (C) urine (cfu/ml urine), and (D) bladder weight and (E) pyuria were assessed in five independent experiments. Data
points represent values for each individual mouse, bars indicate median values, negative results are plotted at the limit of detection (dotted line in A, B,
and C). Actual P values are indicated on the graphs if >0.05, or are represented by the following symbols: *p<0.05. Mann-Whitney U test.
DOI: https://doi.org/10.7554/eLife.46677.016
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Figure 8. The outcome of a prior infection alters the balance towards either protection or susceptibility to recurrent infection through alterations in the
dynamics of TNFa signaling. Upon bacterial challenge of Resolved mice, TNFa signaling (depicted as lightning bolts) is rapid, but transient (subsiding
within the first 24 hr post-challenge), leading to rapid resolution of rUTI due to early exfoliation of infected bladder epithelial cells. However, when
TNFa signaling is sustained (lasting 24 hr or more post-challenge), as occurs in Sensitized mice upon challenge, this contributes to mucosal wounding
and severe rUTI.
DOI: https://doi.org/10.7554/eLife.46677.018
Yu et al. eLife 2019;8:e46677. DOI: https://doi.org/10.7554/eLife.46677 12 of 12
Research article Immunology and Inflammation Microbiology and Infectious Disease
